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The Drosophila oocyte, although often thought of as an 
undifferentiated cell, is in fact highly polarized, and the 
subcellular organization of the oocyte is critical for subse- 
quent development of the embryo. Recent results show 
that cell-cell signaling between the germline and the so- 
matic components of the egg chamber establish the dor- 
sal-ventral and anterior-posterior axes of the egg and 
consequently of the embryo (Gonzalez-Reyes et al., 1995; 
Roth et al., 1995). Most interestingly, the same signaling 
pathway, composed of an oocyte-bound ligand, encoded 
by the transforming growth factor a (TGFa) homolog gur- 
ken, and a somatically expressed receptor, encoded by 
the Drosophila epidermal growth factor receptor torpedo 
(DER/fop), is used to establish both the anterior-posterior 
and dorsal-ventral axes. Following signaling between the 
oocyte and the follicle cells, polarization of the cytoskeletal 
network in the oocyte establishes anterior-posterior polar- 
ity in the oocyte and leads to localization of the dorsalizing 
signal to the anterior and future dorsal corner of the oocyte. 
Building an Egg 
The Drosophila egg cell contains positional information 
required by the embryo to specify the anterior-posterior 
and dorsal-ventral body axes (reviewed by Morisato and 
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Anderson, 1995; Rongo and Lehmann, 1996; St Johnston, 
1995). Anterior-posterior axis determination in the embryo 
depends on the localization of bicoid RNA to the anterior 
pole of the oocyte and the assembly of RNA and protein 
products, including oskar RNA and STAUFEN protein, into 
the germ plasm at the posterior pole (Figure 1; reviewed 
by Rongo and Lehmann, 1996; St Johnston, 1995). Estab- 
lishment of dorsal-ventral pattern requires the activity of 
gurken, whose RNA is localized to the anterior-dorsal cor- 
tex of the oocyte, where it is associated with the oocyte 
nucleus (reviewed by Schijpbach and Roth, 1994). 
Establishment of polarity within the oocyte is not an “oo- 
cyte intrinsic” process but rather depends on correct for- 
mation of the germline-derived oocyte-nurse cell cluster 
and correct patterning of the somatic follicle cell layer (Fig- 
ure 1; reviewed by Spradling, 1993). The oocyte is a prod- 
uct of four synchronous cell divisions with incomplete cyto- 
kinesis, leaving large actin-filled intercellular bridges 
connecting the posterioroocyte with the 15 polyploid nurse 
cells. Determination and orientation of the oocyte with re- 
spect to the nurse cells are likely to be the first events 
required for the subsequent intracellular polarization of 
the oocyte. The oocyte-nurse cell cluster is covered by 
somatic follicle cells that by midoogenesis (stages 7-10 
of oogenesis) show distinct patterns of gene expression 
(Figure 1). Clonal analysis has shown that initial cell fate 
decisions among the follicle cells do not depend on com- 
mon ancestry, suggesting that cell-cell interactions are 
important for their differentiation. In contrast, two pairs of 
follicle cells, termed polar follicle cells, mark the poles of 
Figure 1. Axis Determination n Drosophila 
Progressively older egg chambers are shown 
from left to right: stages 1-6, stages 7-9, and 
two stage 10 chambers, where the top illus- 
trates anterior-posterior and the bottom dor- 
sal-ventral axis formation. In the stages l-6 
and stages 7-9 egg chambers, arrows symbol- 
ize the direction of signaling between the oo- 
cyte and the follicle cells, and plus and minus 
indicate orientation of microtubules with re- 
spect to egg chamber. Stage 10 (top), partial 
description of follicle cell fates in anterior-to- 
posterior order. The anterior polar follicle cells 
contribute to the border ct 1s that migrate from 
‘! 
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the anterior pole of the egg chamber between 
Gurken@ein 1 the nurse cells to the nurse cell-oocyte border, 
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micropyle, the sperm entry site (for a detailed 
description see Gonzalez-Reyes et al., 1995; 
Spradling, 1993). Follicle cells covering the oo- 
cyte will give rise to the egg membranes, the 
chorion, and the vitelline membrane. Note that 
GURKEN protein appears uniformly distrib- 
&+#-A uted in the stages l-6 oocyte; GURKEN pro- 
pmterkr 
tein is distributed in an anterior-to-posterior 
gradient during midoogenesis (stage 10, bot- 
tom; Roth et al., 1995). Figurr adapted from 
Gonzalez-Reyes et al., 1995. 
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the egg chambers and are thought to be derived from a epidermal growth factor receptor homolog DEWtop in this 
common precursor (Margolis et al., 1995). process (GonzBlez-Reyes et al., 1995; Roth et al., 1995). 
Sorting and transport of RNA and protein molecules into 
and within the oocyte are dependent on the orientation of 
the microtubule network (reviewed by Cooley and Theur- 
kauf, 1994; St Johnston, 1995). During stages l-6 of oo- 
genesis, a microtubule-organizing center (MTOC), located 
at the posterior pole of the early oocyte, extends a microtu- 
bule network from the oocyte into the nurse cells. RNA and 
protein molecules, presumably in association with minus 
end-directed motors, are selectively transported from the 
nurse cells into the oocyte during this early phase of oo- 
genesis. During midoogenesis, the microtubule network 
repolarizes: the microtubule density decreases at the pos- 
terior and increases at the anterior, suggesting that the 
MTOC at the posterior pole degenerates and that microtu- 
bules now nucleate preferentially at the anterior pole, lead- 
ing to a microtubular network with the plus end directed 
toward the posterior (reviewed by Cooley and Theurkauf, 
1994). Indeed, a tusion between the plus end-directed 
motor domain of kinesin and the b-galactosidase gene 
(kinesin-IacZ) transiently localizes to the posterior pole 
during stages 8-9 of oogenesis (Clark et al., 1994). Two 
lines of evidence indicate that the orientation of the micro- 
tubule network is directly involved in the intracellular sort- 
ing of RNA molecules. First, localization of bicoid and 
oskar RNA to the anterior and posterior poles, respec- 
tively, as well as the movement of the oocyte nucleus and 
localization of gurken RNA to the anterior cortex, depends 
on an intact microtubule network (reviewed by Cooley and 
Theurkauf, 1994; St Johnston, 1995). Second, posterior 
localization of the kinesin-IacZ fusion protein depends on 
the same genes required for posterior localization of oskar 
RNA and STAUFEN protein (Clark et al., 1994). 
Establishing the Axes 
Once the oocyte is determined and properly positioned, 
reciprocal signaling between the oocyte and the somatic 
cells establishes oocyte polarity. Recent results point to 
a central role for the TGFa homolog gurken and for the 
The first axis formed is the anterior-posterior axis. Muta- 
tions in gurken or in DER/top affect establishment of this 
axis, suggesting a role for TGFalDER signaling in the pro- 
cess. gurken RNAaccumulates in the early oocyte wedged 
between the oocyte nucleus and the posterior pole (Figure 
1; reviewed by Schiipbach and Roth, 1994). Synthesis 
of GURKEN protein is thought to activate the DERlTOP 
receptor tyrosine kinase in the follicle cells (reviewed by 
Schtipbach and Roth, 1994). Activation of DER/TOP in the 
follicle cells would then lead to the expression of posterior 
follicle markers (Figure 1; Figure 2A). Mutations in either 
gurken or DEfWop result in follicle cell fate changes such 
that the posterior polar follicle cells differentiate as anterior 
polar follicle cells and posterior nonpolar follicle cells also 
express cell markers characteristic for anterior follicle cells 
(Figure 28; Gonzalez-Reyes et al., 1995; Roth et al., 1995). 
Although DER/TOP is expressed in all follicle cells and 
affects the fate of all posterior follicle cells, the receptor 
may only be active in the posterior polar follicle cells. This 
idea is supported by the finding that in spindel mutants, 
in which the oocyte is positioned not posterior but in be- 
tween the nurse cells, only anterior follicle cell fates are 
expressed (Figure2C; GonzBlez-Reyes et al., 1994). Thus, 
nonpolar follicle cells, although adjacent to the oocyte, 
may not be competent to respond to the GURKEN signal. 
The ordered pattern of expression of follicle cell markers 
along the anterior-posterior axis of wild-type egg cham- 
bers and the mirror-image duplicated order of anterior folli- 
cle cell fates expressed in gurken mutant and DER/top 
mutant egg chambers suggest that signals emanating 
from the anterior and posterior polar follicle cells deter- 
mine patterning within the layer of nonpolar follicle cells 
(Figure 2; GonzBlez-Reyes et al., 1995; Roth et al., 1995). 
Activation of DERlTOP in the posterior polar follicle cells 
also generates an as-yet-unknown signal that is received 
by the oocyte and is required for the repolarization of the 
oocyte cytoskeleton (see Figure 1). In the absence of this 
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Figure 2. Schematic Presentation of Subse- 
quent Signaling Steps Occurring along the An- 
terior-posterior Axis in Wild-Tvpe and Mutant 
Egg Chambers 
Nurse cell-oocyte clusters (below) are drawn 
adjacent to follicle cell epithelium (above) 
to ‘illustrate the anterior-posterior al&men; 
EFC 
(from left to right) and signal exchanges during 
stages l-6 and 7-9 of oogenesis. 
(A) Wild type. During stages l-6, the GURKEN 
I-@q-j 
signal (green; indicated by vertical arrow) in- 
duces differentiation of posterior polar follicle 
(ppc) cell fate in the uncommitted polar follicle 
nur%?cells co&&? nulsecells cells (PC). During stages 7-9, a reciprocal sig- 
C nal (indicated by vertical arrow) from the poste- rior polar follicle to the oocyte leads to repolar- 
ization of microtubule network, localization of oskar RNA (blue) to the posterior pole, and localization of bicoid RNA (pink) to the anterior pole of 
the oocyte (microtubule polarity is indicated by plus and minus). The anterior polar follicle cells (apt) and the posterior polar follicle cells (ppc) 
organize the ordered expression of nonpolar follicle cell (aft, pfc) fates (horizontal arrows). 
(B) gurken mutant. No signal from oocyte; mirror-image symmetrical signaling from anterior polar follicle cells (apt) at stages 7-9. 
(C) spindel mutant. Oocyte misplaced; polar cells are not in proximity to oocyte to receive the GURKEN signal. Abbreviations: aft, anterior follicle 
cell fates, including border cells, stretched follicle cells, and centripetal follicle cells as shown in Figure 1; pfc, posterior follicle cells, including 
columnar follicle cells as shown in Figure 1. 
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signal, bicoid RNA, which is normally found at the anterior, 
becomes localized to both poles, and oskar RNA and 
kinesin-IacZ, which are normally localized to the posterior 
pole, accumulate in the central region of the oocyte (Figure 
2; Gonzalez-Reyes et al., 1995; Roth et al., 1995). How 
does cell-cell signaling affect microtubule polarity, and 
how does microtubule polarity relate to RNA localization? 
Protein kinase A (PKA) may play a key role in microtu- 
bule reorientation in response to follicle cell signals. Lane 
and Kalderon (1994) have shown that mutations in the cata- 
lytic subunit of PKA affect the orientation of microtubules 
and localization of RNA similar to mutations in gurken and 
DER/top. However, in contrast with DERTTOP, which is 
required in the follicle cells, PKA is required in the oocyte. 
Thus, activation of DER/TOP in the follicle ceils must 
somehow lead to activation of PKA in the oocyte, which 
would in turn destabilize the posterior MTOC, change the 
dynamics of microtubule polymerization, or both. Since 
PKA mutants do not affect the positioning of the oocyte 
nucleus and thus dorsal-ventral polarity, it is possible that 
there are additional targets of the DERPTOP pathway that 
affect microtubular dynamics independently of PKA. 
The second axis to form is the dorsal-ventral axis. gur- 
ken and DfFVtop mutations also affect the establishment 
of this axis (reviewed by Schtipbach and Roth, 1994), and 
the mutant phenotypes suggest that GURKEN signaling 
occurs along the dorsal side. How does the GURKEN sig- 
nal get from posterior to dorsal? Apparently, repolarization 
of the microtubule network is essential for this process. 
During the repolarization of the cytoskeleton at stage 7 of 
oogenesis, the oocyte nucleus remains associated with 
the growing minus end of the microtubules (reviewed by 
Cooley and Theurkauf, 1992). Thus, either pulled by re- 
gressing microtubules or pushed by minus end-directed 
motor proteins, the oocyte nucleus moves to the anterior 
of the oocyte. Caged by the microtubular network, the 
oocyte nucleus moves to the cortex of the oocyte; this 
movement defines dorsal (see Figure 1). gurken RNA re- 
mains in close association with the oocyte nucleus and is 
thereby also moved from posterior to the future anterior- 
dorsal corner of the oocyte. 
Anterior and cortical localization of gurken RNA initiates 
the next phase of oocyte to follicle cell signaling. In this 
phase, synthesis of GURKEN protein at the anterior-dor- 
sal corner of the oocyte is thought to activate the DERl 
TOP receptor locally in the overlying dorsal follicle cells 
(see Figure 1). As a consequence, dorsal follicle cell fates 
are promoted and ventral fates are repressed. In gurken 
and DEWfop mutants, the oocyte nucleus and gurken RNA 
remain at the posterior end of the oocyte (Gonzalez-Reyes 
et al., 1995; Roth et al., 1995). Lack of TGFalDER signal- 
ing affects differentiation of dorsal-ventral follicle cell fates 
such that ventral follicle cell fates are expanded at the 
expense of dorsal fates. Establishment of dorsal-ventral 
polarity in the embryo, although initially dependent on 
TGFalDER signaling, ultimately requires the correct pat- 
terning of the ventral follicle cell epithelium (Roth and 
Schupbach, 1994). Again, the follicle cells signal back to 
the oocyte. A second follicle cell to oocyte signaling sys- 
tem, which is restricted to the ventral follicle cell layer, 
generates embryonic dorsal-ventral polarity through the 
activation of the TOLL receptor in the oocyte membrane 
(reviewed by Morisato and Anderson, 1995). 
The parallels between the mechanisms that determine 
anterior-posterior and dorsal-ventral polarity are striking. 
Establishment of both axes is thought to be initiated by a 
localized signal, which is secreted from the oocyte and 
received by the follicle cells. This signal establishes first 
anterior-posterior and then dorsal-ventral pattern within 
the follicle cell epithelium. Subsequently, the posterior and 
ventral follicle cells signal back to the oocyte, which leads 
to the establishment of anterior-posterior and dorsal-ven- 
tral polarity in the oocyte. While thesame signal and recep- 
tor, encoded by the gurken and DER/top genes, seem to 
control the oocyte to follicle cell signaling, the reciprocal 
follicle cell to oocyte signal is likely to be controlled by 
different pathways (reviewed by Morisato and Anderson, 
1995; Rongo and Lehmann, 1996). 
In addition to gurken and DER/top, several other genes 
affect both anterior-posterior and dorsal-ventral polarity 
and are therefore likelycomponentsofthe oocyte tofollicle 
cell signaling pathway. For example, cornichon and brai- 
niac are required in the oocyte and are thought to act in 
concert with the GURKEN signal (reviewed by Schiipbach 
and Roth, 1994; Roth et al., 1995). Furthermore, at least 
some of the known targets of DER/TOP, such as mitogen- 
activated protein kinase (MAPK or rolled), are expressed 
in the follicle cells and have been shown to affect both axes 
(Gonzalez-Reyeset al., 1995; reviewed by Schiipbach and 
Roth, 1994). 
One Signal, So Many Responses! 
Despite these obvious similarities in the role of TFGalDER 
signaling for dorsal-ventral and anterior-posterior axis de- 
termination, there are clear differences in the response 
to the gurken signal in the two axes. Initially, TGFalDER 
signaling somehow induces posterior polar follicle cell fate 
that leads to the anterior-posterior orientation of the oo- 
cyte microtubule network. Subsequently, on the dorsal 
side, TGFa/DER signaling induces differentiation of dorsal 
follicle cell fates that ultimately leads to dorsal-ventral po- 
larity of the egg. Thus, if the signaling pathways are by 
and large shared, why does the GURKEN signal promote 
differentiation of posterior follicle cell fates at the poles 
and differentiation of dorsal cell fates elsewhere in the egg 
chamber? 
Several models could account for the differential re- 
sponses. One possibility is that additional signaling mole- 
cules in the oocyte modify the response of the target cells 
and that the availability of such factors is regulated during 
oogenesis. Alternatively, as suggested by the fact that the 
polar follicle cells form a specialized subpopulation among 
the follicle cells prior to GURKEN signaling, modulation 
could occur at the level of the follicle cells. For example, 
reception of the signal, competence of the DER/TOP- 
expressing cells to respond to the signal, or the availability 
of factors required to act downstream of DERlTOP could 
be differentially regulated. 
Loss-of-function mutations in genes that affect only one 
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aspect of the gurken and DER/fop phenotype may identify 
components required in one but not the other signaling 
pathway. For example, heat shock antisense experiments 
suggest a role for the rhomboid gene in the establishment 
of dorsal-ventral follicle cell patterning, but not in anterior- 
posterior patterning (reviewed by Schtipbach and Roth, 
1994). It has been proposed that rhomboid, which encodes 
a putative transmembrane protein and is expressed in an- 
terior-dorsal follicle cells, may increase the strength of the 
interaction between GURKEN and the DEWTOP receptor 
during the establishment of dorsal-ventral follicle cell fate 
(reviewed by Schiipbach and Roth, 1994). 
The neurogenic genes Notch and Delta, on the other 
hand, are candidate genes that could be specifically in- 
volved in the posterior follicle cell-specific response (re- 
viewed by Rongo and Lehmann, 1996). Temperature- 
sensitive alleles of Notch or Delta lead to changes in oocyte 
polarity similar to those observed in gurken and in DER/ 
top mutants: bicoid RNA is localized to both the anterior 
and posterior poles of the oocyte, and oskar RNA and 
kinesin-IacZ accumulate in the central region of the oo- 
cyte. Furthermore, additional polar follicle cells form at 
both poles of Notch and Delta mutant ovaries compared 
with wild type. Clonal analysis has shown that Notch and 
Delta are required in the follicle cells, suggesting that 
Notch and Delta might modify the response to the GUR- 
KEN signal in these cells. 
The functional relationship between the NOTCH/DELTA 
and the TGFa/DER cell-cell signaling pathways is un- 
clear, and several models could account for the observed 
phenotypes (reviewed by Rongo and Lehmann, 1996). In 
one model, NOTCH and DELTA could act independently 
of the TGFalDER signaling pathway, and both activities 
might be required to specify polar cell fates. In a second 
model (lateral inhibition), NOTCH and DELTA would be 
involved in limiting the number of follicle cells that respond 
to the GURKEN signal and that differentiate into posterior 
polar follicle cells. In Notch or Delta mutant ovaries, more 
polar follicle cells would form and therefore more cells 
would activate the DER/TOP receptor that could poten- 
tially lead to reduced destabilization of the posteriorly lo- 
cated MTOC. Finally, NOTCH and DELTA could act down- 
stream of the TGFalDER signaling pathway and could 
either specify posterior follicle cell fate or be involved in 
signaling back to the oocyte. An examination of anterior 
and posterior follicle cell markers in Notch and Delta mu- 
tants and the phenotypic analysis of mutants that lack 
Notch or Delta function and express either a constitutively 
active or an inactive form of DER/top could be used to 
distinguish between these and other models. 
A “Unified” Model of Axis Determination? 
In summary, after many years of treating the establish- 
ment of the anterior-posterior and dorsal-ventral axes of 
the Drosophila embryo as two largely independent genetic 
pathways, formation of the two axes has now converged 
to one beginning. Upon signaling from the germline to the 
soma, a reciprocal signal polarizes the oocyte microtubule 
network and thereby initiates both anterior-posterior and 
dorsal-ventral polarity. This unified model of axis determi- 
nation offers a satisfying explanation for how the two axes 
become aligned initially. Many of the details of the signal- 
ing pathway are not yet understood. For example, the na- 
ture of the targets downstream of the DERlTOP receptor 
that lead to the reciprocal signal back to the oocyte is 
unknown, as is the mechanism by which repolarization of 
a microtubular network is achieved and how this leads to 
RNA sorting. Further, many open questions remain con- 
cerning the process of pattern formation in the follicle cell 
epithelium. 
The proposed signaling mechanism may also be gener- 
ally applicable to oogenesis in other organisms. Since the 
most dramatic differences in insect oogenesis concern 
the extent to which nurse cells are required for providing 
nutrients to the egg, a mechanism based on interactions 
between the germ cell and the follicle cells could be ap- 
plied to polarization of the oocyte in the absence of a nurse 
cell-oocyte boundary (Patel, 1994). In such a model, the 
association of the GURKEN signal with the oocyte nucleus 
could polarize the oocyte by signaling to those follicle cells 
closest to the oocyte nucleus. Subsequent polarization 
of the microtubular network, differential sorting of RNA 
molecules along the microtubular scaffold, and movement 
of the oocyte nucleus away from the central plane of sym- 
metry would further establish anterior-posterior and dor- 
sal-ventral polarity. Similar mechanisms may be used by 
other organisms that generate bilateral symmetry before 
the first division. Only one axis, animal to vegetal, is estab- 
lished during Xenopus oogenesis. Upon oocyte matura- 
tion, a dorsalizing activity is localized to the vegetal cortex. 
A microtubule-dependent cortical rotation moves this ac- 
tivityduring the first embryonic division and therebygener- 
ates bilateral symmetry (Gerhart et al., 1989). Thus, at 
least in flies and frogs, coordination of the embryonic axes 
is achieved by initial polarization of the oocyte that gives 
rise to the primary axis and to a subsequent cytoskeleton- 
dependent movement of a polarizing activity away from 
the primary axis to generate the second axis. 
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